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(57) Abstract 



The present invention provider methods and appaiatuf which pcimits in-pioccss, in-silu. substantiaUy real time measurement of the 
actual Ihicfcncss of a surface layer of a work piece, jajsmlcsndudor wafer. A probe (500) disposed proximate to the outer perimeter of 
a 'polishmg pad (126) m a CMP tabic, audi that the probe establishes optical contact with the wafer naftu (304) as a ponion of the wafer 
extends beyond the outer perimeter O30) of the polishing pad (126). A nozzle (312) may be provided to apply a stream of compicssed 
air at the disk swfaoe under inspection to thereby lemove excess shiny from the local region of the woxkpieoe being inspected. A broad 
band light source (322) is employed in conjunction with a fiber optic cable (318) lo diitct light at tftc wafer surface. A bifurcated probe is 
employed such that the light applied to the worlcpiooe surface is reflected back to and captured by a ooiresponding optical sensor connected 
to a ^ber optic cable (320). Ttic captured reflected light leoeived by the receptor sensor and fiber optic cable assembly it applied to a 
photospectium meter (324) which analyzes the leflected light An output signal from the photospectium meter is txansmlctcd to a processor 
(326) which iochales a smart algorithm eonfiguied to calculate the thickness of the surface layer. Alternatively, the itflective characteristics 
of the semiconductor layess may affect die nature of tfie leflected ripial; changes In the leflected signal can be detected to indicate when a 
metallic layer has been removed from an oxide layer. 
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METHODS AND APPARATUS FOR THE D«-PROCESS 
DE1ECTI0N AND MEASUREMENT OF THIN FILM LAYERS 

Technical Firfd 

The present invention relates, generally, to methods and apparatus for measuring the 
5 thickness of diffeggnunaterial ja yers on a semiconductor w orfcpicce during tbe^plananzation 
piocess and, more particularly, to a technique for transmitting a broad band light source at the 
surface of the worlcpiece to be measured, and analyzing the reflection of the light source to 
obtain teal time layer thickness infonnation. 
Badcgrmmd Art and Technical Problems 

10 The production of integrated circuits begins with the creation of high-quality 

semiconductor wafers. During the wafer fabrication process, the wafers may undergo multiple 
masking, etching, and dielectric and conduaor deposition processes. Because of the high- 
precision required in the production of these integrated circuits, an extremely flat surface is 
generally needed on at least one side of the semiconductor wafer to ensure proper accuracy and 

1 5 performance of the microelectronic structures being created on the wafer surface. As the size 
of the integrated circuits continues to decrease and the density of microscructures on an 
integrated circuit increases, the need for precise wafer surfaces becomes more important. 
Therefore, between each processing step, it is usually necessary to polish or planarize the 
surface of the wafer to obtain the flattest surface possible. 

20 For a discussion of chemical mechanical planarization (CMP) processes and 

apparatus, sec, for example, Arai, etai., U.S. Patent No. 4,805,348. issued February, 1989; 
Arai. etal., U.S. Patent No. 5.099.614, issued March, 1992; Karisrud et a/., U.S. Patent No. 
5,329.732, issued July, 1994; Karisrud. U.S. Patent No. 5,498.196. issued March, 1996; and 
Karisrud et aL .U.S. Patent No. 5,498, 199. issued March, 1996. 

25 Such poUshiiig is well known in the ait and generally inchides attaching one side of 

the wafer to a flat surface of a wafer carrier or chuck and pressing the other side of the wafer 
against a flat polishing surface. In general, the polishing surface comprises a horizontal 
polishing pad that has an exposed abrasive surface of. for example, cerium oxide, aluminum 
oxide, fimied/piecipitated silica or other particulate abtasives. Polishing pads can be formed of 

30 varinut matgriak, as is known in the art, and which are flvailahle cAmtnerrially Typically, the 

polishing pad may be a blown polyurethane, such as the IC and GS series of polishing pads 
available from Rodel Products Corporation in Scottsdale, Arizona. The hardness and density 
of the polishing pad depends on the material that is to be polished. 



• 
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During the polishing or pianarization process, the workpiece or wafer is typically 
pressed against the polishing pad surface while the pad rotates about its vertical axis. In 
addition, to improve (he polishing effectivoiess, the wafer may also be rotated about its vertical 
axis and oscillated back and forth over the surface of the polishing pad. It is well known that 
5 polishing pads tend to wear unevenly during the polishing operation, causing surface 
irregularities to develop on the pad. To ensure consistent and accurate pianarization and 
polishing of all workpieces, these irregularities must be removed. 

A well prepared polishing pad facilitates the uniform, high-precision pianarization 
of workpieces. This is particularly important when polishing down the oxide and metalic layers 

10 on a semiconductor wafer during the manufacture of integrated circuit chips. 

Presently known methods for measuring the thickness of an oxide layer on a 
semiconductor wafer involve measuring the total thickness of an applied oxide layer, 
determining the desired thickness of the oxide layer after pianarization, calculating the pressure 
to be applied during the polishing or pianarization process, and further calculating the 

1 5 approximate time required to remove a predetennined amount of oxide byer for a given pressure 
and slurry combination. Once the desired removal rate (often expressed in nanometers per 
minute) is ascertained, a statistical inference is employed to determine the approximate amount 
of time necessary to remove a desired amount of material. After the wafers have undergone 
pianarization for an amount of time calculated to remove a desired thickness of the oxide layer, 

20 the workpieces are removed from the machine and the actual thickness of the oxide layer is 
measured, for example, through the use of laser interferometric techniques. If it is detennined 
that the oxide layer is still too thick after initial pianarization, the workpieces must be reinstalled 
onto the CMP machine for further oxide layer removal. If. on the other hand, an excessive 
amount of oxide layer has been removed, it may be necessary to scrap the disks, resulting in 

25 substantial unnecessary costs. 

Further the methods of calculating oxide layer thicknesses currently known in the 
art are only useful for non-patterned wafers, and generally do not work on wafers having a 
substantially repeating sur&ce pattern. 

Other techniques may be employed to determine when the layer of tungsten, or other 

30 metallic material, has been removed from the oxide layer. Prior art methodologies detect the 
change in polishing pad motor current, which typically changes in response to the exposure of 
differem semiconductor layers. However, this technique is of limited utility where different 
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slurries and other consumable sets are used during the polishing process. In panicular, false 
trigger may result from an increase or decrease in the surface friction caused by a change in the 
slurry characteristics rather than by a change in the exposed layer composition. False triggers 
may also be caused by noise inherent in the polishing system. 
5 Accoxdingly. a technique is needed which accurately measures the oxide layer (and 

particularly the end point) thickness which overcomes the shortcoming of the prior art. In 
addition, a technique is needed which accurately detects the removal of a conductor or metalic 
layer from the oxide substrate layer. 

Summary nf thg rhvgntion 

1 0 Acconiingly, it is an advantage of the present invention that improved methods and 

apparanis for measuring the thickness of layers on workpiece surfaces are provided. 

Another advantage of the present invention is that it facilitates the in-process, in-situ, 
substantially real time measurement of the actual thickness of a surface layer of a workpiece 
under inspection, for example, a semiconductor wafer (either patterned or non-pauemed), or the 

1 5 like. 

A further advantage is that the present invention employs a smart algorithm 
configured to calculate the thickness of the oxide layer from information gathered from light 
signals reflected from the surface of the wafer. 

Another advantage of the present invention is that the oxide layer thickness as a 
20 frmction of time is displayed on a view screen for convenieiu observation by the operator of the 
machine. Additional frinctionality may be incorporated into the present invention to enable it 
to accurately predict the amount of time reroainiiig and the planarization pressure needed to 
achieve an optimum end point oxide layer thickness. 

A further advantage is that the present invention may be alternatively configured to 
25 optically detect the endpoint when a metallic layer is removed from the oxide layer during 
planarization. 

Bri^r IWriprion nf tfip DrafwnP Figures 

The present invention will hereinafter be described in conjunction with the appended 
drawing flgutts, wherein like numerals denote like elements, and: 
30 Figure 1 is a perspective view of an exemplary CMP machine upon which the probe 

of the present invention is suitably installed; 
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Figure 2 is a top view of the CMP machine of Figure 1, showing an exemplary 
oricDtatioo of the prol)e assemblies of the present invention; - 

Ftgure 3 is a schematic view of a probe in accordance with the present inventioa 
configured to sample the surface of a wafer, including a light source, photospectnun meter, 
controller, and display; 

Figure 4 is an end view of an exemplary bifurcated probe assembly having a 
plurality of illuminators and a receiver probe; 

Figure 5 is a schematic view of the probe of Figures 3 and 4 sampling an individual 
die strucmre of a wafer; 

Figure 6 is a view of one side of a wafer having a plurality of microelectronic die 
sttucnires disposed thereon; 

Figure 7 is a top view of an exemplary embodiment of a wafer carrier lock-in 
mechanism in accordance with the present invention; 

Figure 8 is a side view of the lock-in mechanism of Figure 7; 

Figure 9 is a side view of the lock-in mechanism of Figures 7 and 8 with a carrier 
and wafer assembly in operative engagement with the lock*in mechanism; 

Figure 10 is a cross sectional depletion of an exenqilary semiconductor wafer; 

Figure 11 is a schematic view of a probe sampling a metallic layer of the 
semiconductor wafer shown in Figure 10; 

Figure 12 shows an exemplary output signal generated in response to the sampling 
of the metallic layer depicted in Figure 11; 

Figure 13 is a schematic view of a probe sampling an oxide layer of the 
semiconductor wafer shown in Figure 10; and 

Figure 14 shows an exemplary ou^t signal generated in response to the sampling 
of the oxide layer depicted in Ftgure 13. 

Detailed Des cription of Preferred Exgrnplary Embodiments 

The subject invention relates to the in-process detection of characteristics of a layer 
on a workpiece using a broad spectrum light source, a photospectium meter, and a controller 
including a smart algorithm for translating the output of the photospectrum meter to a human 
readable display relating to the workpiece being examined. The preferred embodiment set forth 
herein relates to the detec tion of oxide layer thickness on a semicondu ctor wafer (either 
pattertied or noni>attBm6d); it will be appreciated, however, that the principles of the presem 
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invention may be employed to ascemin any number of characieristics associated with a 
workpiece surface, including end point detection, the detection of surface irregularities. 

planarity, and Che like. 

Referring now to Figures 1-2, a wafer polishing apparatus 100 is shown embodying 
5 the present invention. V^ er polishing apparatus 100 suitably comprises a multiple he ad wafer 
polishing machine which accepts w afers from a pr e vious proce ssing step, polishes and rinses the 
wafers, and reloads Che wafers back into wafer cassettes for subsequent processing. 

Discussing now the polishing apparatus 100 m more detail, apparatus 100 comprises 
an unload station 102. a wafer transition station 104, a polishii^ station 106, and a wafer rinse 

10 and load station 108. 

In accordance with a preferred embodiment of the invention, cassettes 110, each 
holding a plurality of urafers, are loaded into the machine at unload station 102. Next, a robotic 
wafer carrier arm 112 removes the wafers from cassettes 1 10 and places them, one at a time, 
on a first wafer transfer arm 114. Wafer transfer arm 114 then sequentially lifts and moves each 

1 5 wafer into wafer transition section 104. That is. transfer arm 1 14 suitably places an individual 
wafer on one of a plurality of wafer pick-up stations 1 16 which reside on a rotatabie table 120 
widiin wafer transition section 104. RoUtable uble 120 also suitably includes a plurality of 
wafer drop-off stations 1 IB which alternate with pick-up stations 116. After a wafer is deposited 
on one of the plurality of pick-up stations 1 16, table 120 rotates so that a new station 1 16 aligns 

20 with transfer arm 1 14. Transfer aim 1 14 then places the next wafer on the new empty pick-up 
station 1 16. This process continues until all pick-up stations 1 16 are filled with wafers. In the 
illustrated embodiment of the invention, table 120 includes five pick-up stations 116 and five 
drop-off stations 118. 

Next, a wafer carrier apparatus 122, comprising individual wafer carrier elements 

25 124, suitably aligns itself over table 120 so that respective carrier elements 124 are positioned 
directly above the wafers which reside in respective pick-up stations 116. Tte carrier apparatus 
122 then drops down and picks up the wafers from their respective stations and moves the 
wafers laterally, such that the wafen are positioned above polishing station 106^ Once above 
polishing station 106, carrier apparatus 122 suitably lowers the wafers, which are held by 

30 individual elemems 124, into operative engagement with a polishing pad 126 which sits atop a 
lap wheel 128. DuriQg operation, lap wheel 128 causes polishing pad 126 to route about iu 
vertical axis. At the same time, individual carrier elements 124 spin the wafers about their 
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respective veitical axes and oscillate the wafers back and forth across pad 126 (substantially 
along arrow 133) as ihey press against the polishing pad. to this manner, the under surftcc of 
the wafer is polished or planarized. 

After an appropriate period of time, the wafers are removed from polishing pad 126, 
5 and carrier appaiaois 122 transports the wafen back to transhion station 104. Carrier apparams 
122 then lowers individual carrier elements 124 and deposits the wafen omo drop-off stations 
118. The wafers are then removed from drop-ofif stations 118 by a second transfer arm 130. 
Transfer arm 130 suitably lifts each wafer out of transition station 104 and transfers them into 
wafer rinse and load station 108. In the load station 108. transfer arm 130 holds the wafiers 

10 while they are rinsed. After a thorough rinsing, the wafers are reloaded into cassenes 132, 
which then transports the subsequent stations for further proqessing or packaging. 

Although CMP tnachine 100 is shown having five polishing sutions, it will be 
appreciated thai the present invention may be employed in the context of vimially any number 
of polishing stations. Moreover, the present invention may also be employed in circumstan c es 

1 5 where not all of the polishing stations are fiinaioning at a time. For example, many standard 
wafer cassettes carry twenty*four individual workpieces in a single cassette. Consequently, 
because there are often five workpiece chucks on a single CMP mac h i n e, often times the last 
four disks widiin a cassette are polished at one lime, leaving the fifth disk-holder empty. 

With continued reference to Figure 2, a probe assembly 127 is suitably configured 

20 near the outer perimeter edge of polishing pad 126 proximate each carrier element 124. More 
particularly, in a prefenwi embodiment of the present invention, each respective carrier element 
suitably oscillates back and forth along arrow 133; each carrier element 124 also suitably rotates 
a workpiece about the vertical axis of carrier element 124. At the same time, lap wheel 128 and 
pad 126 are advantageously configured to rotate about their vertical axis, for example, in a 

25 counter clockwise direction as indicated by arrow 134. 

In accordance with a partictilariy preferred embodiment, each carrier element 124 
is suitably configured to periodically extend radially outward from the center of table 126 along 
arrow 12S such that at least a portion of the outside radius of each workpiece extends beyond 
the outer edge 137 of table 126. By crossing the outer edge of polishing table 126, surface 

(30 materia] diicknesses, desirable material removal rates, and the extent of layer removal may be 

/ obtained for the workpieces. As a workpiece extends beyond the outer perimeter of die 

S polishitf pad,, along Ime 125, the bottom facing surface of the workpiece may be conveniently 
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Optically engaged by probe assembly 127, as described in greater deuil below in conjunction 
with Figure 3. 

In accordance with a further aspect of the present invention, apparanis 100 noay be 
configured with a probe assembly 129 useful for detecting the presence of a wafer or wafer 
5 fngmem on polishii^ pad 126 during the polishing process. In accordance with this aspect of 
the invention, if a wafer or wafer fragment is detected on the pad at an inappropriate time, the 
CMP machine 100 will shut down. A detailed discussion of the operation of probe assembly 
129 is discussed in detail in Holzapfd et al., U.S. Patent Application Serial No, 08/683,150. 
filed on July 17, 1996, and entitled Methods and Apparatus for the In-Process Deteaion of 

1 0 Workpieces in a CMP Environment, which is incorporated herein by reference. 

Referring now to Figure 3, an exemplary embodiment of probe assembly 127, in 
accordance with the present invention, suitably comprises a housing 310 having a nozzle 312. 
through which compressed air is suitably directed at the under surface of a worlcpiece (e.g. . 
semiconductor wafer disk) 306, a bifurcated fiber probe 316, a light source 322. a 

1 5 photospectmm analyzer 324» a controller/processor 326, and a display 328. 

As best seen in Figure 3, an exemplary worfcpiece 306 is shown being polished by 
polishmg pad 126 as described above in coiyunction with Figures 1 and 2. For clarity, carrier 
element 124 and other components are omitted from Figure 3. Probe assembly 127 is suitably 
mounted proximate the outer perimeter 330 of pad 126, such that nozzle 312 may be directed 

20 at a bottom surface 304 of workpiece 306 when at least a portion of the workpiece extends off 
the perimeter edge of polishing pad 126. 

In accordance with a particularly preferred embodiment of the present invention, a 
supply of compressed air, for exan^le in the range of 0 to 20 PSI and most preferably about 5 
PSI, is lirged through housing 310 and nozzle 312 to clear away slurry from an exemplary 

25 region 314 on undersurface 304 itnder examiiuaion. As the compressed air clears aiway slurry 
from die underside of the workpiece, probe 316 suitably outputs a broad band (e.g. , white light) 
light source at region 314; a portion of the light emitted by probe 316 is reflected or scattered 
back from region 314 and captured by probe 316. In a preferred embodiment, the light output 
by probe 316 suitably passes through a coUinoating lens 408 which collimates the light (see 

30 Figure 5). Thus, while a cross-soctional area of light source (probe) 3 16 is suitably in the range 
of 0.1 to 10.0 square millimeters and preferably about 1.0 square milUroeter, collimating lens 
408 is suitably configured to project the light to cover a region 314 on the wafer undersuiface 
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that suitably con^rises an area in the range of about 10.0 to about 30.0 square milliineiers, and 

■ * 

preferably about 20.0 square millimeters. 

More paiticuiarly and with continued reference to Figures 3 and 4, probe 316 
suitably comprises a plurality of light illuminaton 350 and a single receiver probe 352. In 
5 accordance with this aspect of the present invention, probe 316 preferably comprises a plurality 

4 

of (e.g. six) illuminaton 350 suiubly configure around a single receiver probe 352 disposed 
in the center of the illuminators. In accordance with this aspect of the present invention, 
illuminatocs 350 may be suitably be grouped in a hexagonal configuration. The diameter of each 
illuminator 350 and the receiver probe 352. as shown in Figure 4, is suiubly about 100 to about 

1 0 300 microns and preferably about 200 microns. Accordingly, the diameter of probe 316 is 
suitably in the range of . 1 to 5 millimeters, and preferably about .5 to about 2 millimeters, and 
most preferably about 1 millimeter. Probe 316 further comprises a transmitter cable 318 
through which light Is transmitted from light source 322 to illuminaton 350 of probe 316 and 
onto the undersurface of the workpiece. Similarly, probe 316 suitably comprises a receptor 

1 5 cable 320 which receives light from receiver probe 350 and transmits it to photospectxum meter 
324. It will be appreciated that the undersurface of the workpiece may be sampled by probe 
assembly 127 at any desired rate or the sampling may be substantially continuous. 

Although the preferred embodiment of light source 322 has been described in 
accordance with Figures 3 and 4, light source 322 may suitably comprise any source capable 

20 of applying a desired li^t signal (e.g. broadband, narrow band, or substantially thonodiromatic) 
to the surface of die workpiece. For example, any suitable source (e.g. a tungsten halogen light 
source) capable of omitting a broad band light signal, for example in the range of 350 to 2000 
nanometers, aiul most preferably in the range of 400 to 850 nanometers, is acceptable. In 
accordance with the present mventton, a suitable halogen light source may comprise a model 

25 number L73A98, available ftom the Gilway Corporation of Massachusetts. 

Although cables 318 and 320 suitably comprise fiberoptic cables in the preferred 
embodiment, virtually any conductor may be employed which satisfactorily delivers an 
appropriate signal (e.g. a light signal) to the workpiece and captures at least a portion of the 
signal reflected by the workpiece. Moreover, although the preferred embodnnem set forth 

30 herein employs a light signal, virtually any convenient modality may be eiq)loyed to interrogate 
the surface of the workpiece, e.;., an acoustic signal, magnetic signal, or die like. 

Photospectium meco* 324 suitably comprises any circuit capable of interpreting the 
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signal reRected from the undcrsurfacc of the workpiece. In a preferred embodimeDt, 
pbotospectnun meter 324 suitably comprises a PCMCIA-based photospecuum meter model 
number PSIOOO available from the Mission Peak Optics Company of Fremont, California. 

Controller 326 suitably comprises any general purpose controller capable of 
5 receiving an output signal 332 from meter 324 and calculating various parameters from signal 
332. In the preferred embodiment, controller 326 is suitably configuied to interpret signal 332 
and thereby derive the thickness of the oxide layer present in region 314 of workpiece 306. In 
a particularly preferred embodiment, controller 326 suitably comprises any general purpose 
personal cosqiuter, for example a PC. available from the Mission Peaks Optics Company of 
10 Fremont* California. 

Controller 326 is also suitably configured to output a signal 334 to display terminal 
328. In a preferred embodiment, signal 334 is indicative of the thickness nf the oxide layer at 
region 314; it will be understood, however, that si^l 334 may embod y any suitable 
information or characteri stics abou t surface 304 of the workpiece, such that any tumiber of 
parameters may be conveniently displayed on the screen associated with display module 328. 
For example, signal 344 may convey information indicative of the removal of a first 
semiconductor layer from a second semiconductor layer (described below). In the embodiment 
illustrated in Figure 3. a graph of oxide layer thickness versus time is shown. 

With continued reference to Figure 3 display terminal 328 may be suitably 
20 configured to display information pertaining to the undersurface of the workpiece. (e.^., the 
thickness of the oxide layer or the material composition of the exposed layer) in any desired 
format In the thickness versus time graph shown in Figure 3, the remaining processing time 
necessary to arrive at a desired thickness 340 may be visually assessed by the operator; 
alternatively, controller 326 may be configured to "predict" the time necessary to arrive at a 
2^ desired thickness for a given pressure and also to display the remaining time to the operator. 
AltOTiatively, the controller may be configuied to transmit a second output signal 342 to the 
main controller of niachine 100, for example to vary the pressure or other operating parameter(s) 
associated with the particular carrier element 124 corresponding to the workpiece under 
inspection. For example, if it is desired that all workpieces comply their processing at 
30 approximately the same time, and wherein one or more of the workpieces are closer to the 
desired thickness than other workpieces , it may be advantageous to reduce the pressure for those 
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workpieces where less material remains to be removed and/or to increase the pressure for those 
woriqpieces where a relatively larger amount of material remains to be removed. 

In this regard, the present inventors have determined that typical desired material 
removal rates of oxide layers on semiconductor wafers generally range from 1,000-5,000 
angstroms per minute, and preferably about 2,500 angsvoms per minute. By calculating the 
differences in thickness over different sampling periods, oonirolier 326 may also be suitably 
configured to generate a real time or average material removal rate. In accordance wib a 
preferred embodiment, controller 326 may suitably be configured to output signal 342 to 
increase or decrease the removal rate, as desired. 

With continued reference to Figure 3, probe assembly 127 may be mounted to 
machine 100 in any convenient way, for example, by attaching probe assembly 127 to the frame 
associated with machine 100 by any suitable fastening mechanism. Indeed, it may be possible 
to dispose respective probe housings 310 quite close to the surface of the woricpiece. for 
example in the range of 0.1 to 0.5 inches and most preferably about .3 inches from the 
1 5 workpiece. Even though this environment may be sprayed by slurry droplets from time to time, 
the compressed air ejected from housing 310 by nozzle 312 suittbly substantially prevents slurry 
from entering the housing and corrupting probe 316. One preferred embodiment of an 
excoq>lary mounting mechanism is discussed in more detail below in conjunction with Figures 
7-9. 

20 In accordance with a particularly preferred embodiment, probe assembly 127 may 

be suitably configured to output signal 342 to machine 100 to thereby tcrmioate the processing 
of a particular workpiece when it is determined that desired thickness 340 has been achieved. 
In this way, although it still may be desirable to verify the thickness of the oxide layer once the 
workpieces have been removed, a very high degree of accuracy iivthe actual thickness of the 

25 oxide layer is obtained. In accordance widi this aspect of the presem invention, the need to 
place partially completed disks back onto machine 100 for further material removal is 
substantially eliminated. Similarly, the risk of removing too mudi of die oxide layer, dius 
degrading the wafers, is also greatly reduced. In this respect, the presem invendon may be 
alternatively configured to indicate when the oxide layer is initially exposed (described below). 

30 The maimer in which probe assembly 127 samples and interprets the scattered light 

signals to determine wafer surface thickness will now be described in conjunction widi Figures 
5 and 6. 
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Referring now to Figure i, an exemplaxy embodiment of a wafer surfoce comprises 
a plurality of substantially similar die structures arranged in a rectangular grid pattern. As 
shown in Figure 5, each individual die strucmre 406 may comprise in schematic cross section, 
one or more alternating substrate and oxide layers; for example, a substrate layer 404 and an 
5 oxide layer 402. Substrate layer 404 generally comprises a plurality of microelectronic 
strucoires substantially defining a substrate topology 405. Because the sur&ce layer or topology 
403 of substrate 404 is non-uniform, it is very difficult to accurately determine the thickness of 
oxide layer 402 at any particular point on the surfu:e of wafer 400. Therefore, to obtain 
accurate oxide thickness readings, the effect of the non-uniform substrate surface must be 
10 minimized or otherwise accounted for. An exeiiq)lary wafer surface sampling and analysis 
method in accordance with the presem invention will now be discussed in greater detail. 

In accordance with a particularly preferred embodiment of the present invention, 
light is transmitted from illuminators 350 of probe 316 through coUimating lens 40S and onto 
the undersurface of wafer 400. Generally, part of the transmitted light will be reflected or 
1 5 scattered from oxide layer 402 back to receiver probe 352. However, a substantial portion of 
the light passes through o)adeja^er^402 and reflects off the substrate layer 404 (and mote 
- particularly, the non-uniform surface 405). As the light is reflected off the substrate and oxide 
layers, it passes back through coUimating lens 408, which essentially focuses the reflected light 
back to receiver probe 352. The reflected light then passes to photospectrum meter 324 thix)ugh 
20 flberoptic cable 320. Photospectrum meter 324 then divides the light into discrete bands of 
predetermined firequeiu^ (or wavelength) ranges and converts the light frequency signals into 
a digital output signal 332 which is communicated to processor/controller 326. 

In accordance with a preferred embodiment, processor 326 analyses the converted 
light frequency signals according to the well-known photo-interference technique using Fresnel's 
25 Equation to obtain the thickness of the oxide layer at the sampled area of the wafer sur&ce. In 
accordance with this aspect of the present invention, the relationship: 
4irnd 

k may be conveniently solved to obtain the oxide thickness, where d=the 
oxide thickness; n^the refractive index of the sample material (e.g. the oxide layer); and A.<=the 
30 wavelength of the light. 

However, as discussed previously, because the topology of substrate sur^ 405 is 
non-uniform, it is very difflcult to get an accurate measurement of the thickness of oxide layer 
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402. Thus, an averaging technique is desirably employed which effectively cancels out tnany 
of the effects attributable to the compleuty of the substrate layer topology. 

The averaging technique will now be discussed in greater detail in conjunction with 
Figures 5 and 6. Referring now to Figure 6, as discussed previously, an excnqilafy 
embodiment of wafer 400 comprises a plurality of die structures 406, each comprisiug 
substantially similar or identical substrate topologies. Because of the repeating nature of the die 
structures, the wafer surface may be advantageously sampled for approximately one full wafer 
rotation, and the measurements taken duriiig that rotation suitably averaged to largely suppress 
or even cancel out the effects of the non-uniform topology of the dies. Tliat is, while the 
sanqiling of only one die may yield an inaccurate reading of the thickness of the oxide layer, by 
averaging the sample readings obtained from many similar die structures for one full wafer 
rotation, the non-uniformity of each die will be effectively canceled out by the averaging 
technique, thus giving a more accurate oxide thickness reading. 

In accordance with this aspect of the present invention, probe 316 suitably collects 
between about 100 and about 300 samples for one complete roution, and preferably about 200 
samples. Further, one complete rotation of the wafer generally takes approximately 2 seconds; 
thus, the sampling rate of probe 316 is suitably between about 100 to about 300 samples per 
second and preferably about 200 samples per second. 

The data for each sample is transmitted to processor 326 which stores and 



accumulates the data. After sampling a portion (e.g. region 314) of the wafer for approximately 
one full wafer rotation, the accumulated data (approximately 200 samples) is averaged and one 
average oxide thickness is calculated, for example using the aforementioned Fresnel technique. 
/ In accordance with a particularly preferred embodiment of the invention, all the sampled data 
\ for one rotation is added together and averaged and then the oxide layer thickness is calculated 
S^^om the averaged data. Alternatively, in accordance with yet another preferred embodiment 
of the invention, an oxide thickness may be calculated for each individual data sample, and 
dsereafier an average thickness calculated from all the individually calcuUted thicknesses. 

In accordance with a particularly preferred embodiment, probe assembly 127, and 
in particular probe 316, is suitably configured to sample the wafer in a substantially circular path 
0 410 (see Figure 6) so diat each die 406 along path 410 is sanqiled in a substantially uniform 
manner. That is, because the die structures on the wafer are in a substantially uniform grid 
pattern and because the field of view of probe 316 suitably corresponds to approximately one 
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die, the probe is likely to sample a complete die stiucture (as opposed to simply sai]q)iiDg 
sections of multiple die stzuctures) as it traverses the wafer in a substantially circular pattern. 
In accordance with this aspect of the present invention, a wafer carrier lock-in mechanism 
(discussed in detail below) may be used to ensure that the field of view of the probe follows a 
5 substantially circular path around the wafer, thus eliminating a spiral reading effect. 

Wafer carrier lock*in mi^rJianifttn 500 will now be discussed in greater detail in 
conjunaion with Figures 7*9. An exemplary embodiment of wafer lock*in mechanism SOO 
preferably comprises a base 202, a rotatable carrier guide 504 « a spring 506 and a stopper 508. 
Routable carrier guide 504 is suitably mounted to base 502 with a bearing assembly 510 to 
1 0 permit free rotation of guide 504. Further, spring 506 is suitably mounted between base 502 
and stopper 508. Finally, probe 316 is securely mounted within base 502 so that the 
illuminators and receptor probe are pointed upward toward wafer 400 and wafer carrier elemem 
124. 

During operation, wafer carrier 124 rouites about its veitical axis and oscillates back 
1 5 and foith across polistaiog pad 126. As carrier element 124 oscillates across the.pad, a portion 
of the carrier element periodically extends beyond the edge of the pad, contactmg rotating 
carrier guide 504. Carrier guide 504 suitably rotates about bearing 510 as carrier elemem 124 
rotates, thus minimizing friction between the two elements* Ooce carrier element 124 contacts 
guide 504. the field of view of probe 316 becomes fixed at a specific radial poim on wafer 400. 
20 In accordance widi this aspect of the invention, as the carrier and wafer assembly rotate, the 
field of view of the probe traverses a substantially circular path around the wafer ensuring 

relatively accurate readings. 

In accordance with an cxcmplaiy embodiment of the present invention, as the carr^ 
and wafer assembly continue to oscillate further out from the pad, the carrier pushes probe 316, 

25 guide 504, and base 502 assembly towards stopper 508, compressing spring 506. Then, as the 
carrier and wafer assembly begin to oscillate back towards the center of polishing pad 126, the 
tension in spring 506 causes base 502, carrier guide 504, and probe 316 assembly to remain in 
contact with and to move with the carrier element and wafer, thus maintainipg the position of 
the probe's field of view on the wafer. Accordiqgly , as the lock-in mechanism SQO moves with 

30 the carrier and wafer assembly, the probe tnaintaiac a substantially circular field of view around 
the wafer as the carrier and wafer rotate and oscillate back and forth across the pad, and 
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theicfoie, prevemiog the probe from sampling along a less desirable spiral path on the surface 
of the wafer. 

As mentioned above, the present invention may also be employed to detect when a 
first material layer, e.g., a tungsten or titanium layer, has been lemoved from a second material 
S layer, e.g. , an oxide layer. It should be noted that the present invemioa may be suitably adapted 
to detect semiconductor, conductor, or other layers thai may be present on a semiconductor 
wafer. Semtconductor layers are described herein for iliustiative purposes only, and the present 
invention is not limited to the detection of such layers. Figure 10 is a cross sectional 
representation of an exemplary semiconductor wafer 600. Of course, the dimensions of wafer 

■■V 

1 0 600 are exaggerated for illustrative purposes. Wafer 600 may include a silicon substrate base 
602. an oxide (silicon dioxide) layer 604, a titanium layer 606. a titanium nitride layer 60B, and 
a mngsten layer 610. In accordance with conventional semiconductor fobrication techniques, 
a numtier of plugs 61 1 may be formed within wafer 600. 

During planarization. the metallic upper layers, e.g, , tungsten layer 610, titanium 

1 5 nitride layer 608, and titanhnn layer 606, are removed from wafer 600, while some material is 
maintained within die associated plugs 61 1. Preferably, material removal termmates (or slows 
down) when oxide Uyer 604 is exposed. As described above, the present invention may be 
employed to measure the thickness of oxide layer 604 to optimize the planarization process. 
Those skilled in the an wiU appreciate that the specific layering configuration and the 

20 composition of the various layers may vary from wafer to wafer depending on the device being 
created. 

For purposes of the following description, a first region 612 of wafer 600 may be 
defined as that portion of wafer 600 above oxide layer 604. A second region 614 may be 
defined as that portion of wafer 600 that includes oxide layer 604, silicon base 602, and any 

25 other layers (not shown) that may be formed below oxide layer 604. It should be appreciated 
diat although the transition from tiunium layer 606 to oxide layer 604 is described herein, the 
present inveotion may be suitably adapted to detect the transition from any two material layen 
having distinguishable optical reflective characterisucs. Such adaptation may require additional 
or alternative processing and/or the application of different detection algorithms than those 

30 described above. 

The metallic layer endpoint detection feamre takes advantage of die distinguishable 
reflective characteristics of die various semiconductor layers within wafer 600. Figure 11 
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15 



shows probe 316 (see Figures 3 and S) directing an input inienogation signal 616 at wafer 600. 
Input signal 616 cnay be directed toward wafer 600 at an angle of approximately 80 to 100 
degrees, and preferably at an angle of approximately 90 degrees, relative to the upper surface 
620 of wafer 600. The "metallic" layer 618 shown in Figure 11 is intended to genetically 
indicate any semicooductor material of a metallic composition, e.g. , tungsten, copper, titanium, 
titanium nitride, or the like. The m^ic nanire of layer 618 causes input signal 616 to leflect 
from layer 618. 

Figure 12 depicts an exen^lary output 622 that may be generated in response to die 
continued presence of metallic layer 618 and displayed on display terminal '328 (see Figure 3 
and accompanying discussion). A flat output (or any other predetermined display or indicator) 
may indicate that the reflected signal detected at probe 316 is less than a predetermined threshold 
value. Alternatively, the same output may indicate that the reflected signal detected at probe 316 
has certain detectable characteristics that art distii^ishable from a signal reflected from oxide 
layer 604. For example, the reflected signal itself may have monotonic characteristics when 
reflected from metallic layer 618 and sinusoidal characteristics when reflected from oxide layer 
604 (or a nonmetallic layer). 

In accordance with a forther aspect of the present embodiment of the invemion, in 
addition to generating such a display, wafer polishing apparatus 100 may be instnicted, by 
suitable processing and control elements, to continue widii the planarization procedure, i.e. , to 
20 continue removing additional layers or more material from the present layer. 

Figure 13 shows probe 316 directing input signal 616 at wafer 600 after the 
planarization process has exposed oxide layer 604. As shown, the metallic layer 618 has been 
removed from wafer 600. Although not shown in Figure 13, various plugs 611 formed from 
tungsten may rema'm embedded in oxide layer 604 (see, for example. Figure 10). Figure. 14 
depicts an exemplary output 624 that may be displayed on display terminal 328 after oxide layer 
604 has become exposed. Asinusoidaloutput(orany other pred^ermined display or indicator) 
may indicate diat the reflected signal detected at probe 316 is greater than the predetermined 

threshold value. Alternatively, the same output may indicate that the reflected signal delected 

— ■ — J' 

at probe 3 16 has certain detectable characteristics that arc distinguishable from a signal reflected 
30 from metallic layer 618. For example, the reflected signal may become sinusoidal in nature 
after the metallic layer 618 has been cleared away and oxide layer 604 becomes the reflective 
surfrce* In addidon, suitable control processes may cause wafer polishing apparatus 100 to halt 
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the planarization procedure or slow the procedure down such that subsequent removal of 
material may t>e closely monitored. 

It should be appreciated that the detection of oxide layer 604 in this maimer is 
substantially independent of the amount and type of slurry and other consumables that may be 
5 present in the environment. Unlike conventional endpoint detection techniques that depend 
on mechanical characteristics such as polishing pad friction and motor currents, the present 
invention can effectively detea the removal of a metallic layer without relying upon physical 
interaction with the system. Those skilled in the art will appreciate that the present invention 
may be udlized to detect the transition between any two reflectively distinguishable materials 
1 0 during a removal or planarization {vocess. For example, if required, the processiog and display 
functions of the present invention may be appropriately modified to detect the removal of an 
oxide layer from a metallic layer, or one metallic layer from another metallic layer. 

In summaiy, the present invention provides improved methods and apparatus for 
measuring the thickness of layen on semiconductor wafers and other workpiece surfaces. The 
1 5 present invention facilitates the in-process, in-situ, substantially real time measurement of the 
acmal thickness of a surface layer of a workpiece under inspeaion. A sman algorithm is 
employed to calculate .the thickness of the oxide layer from infonnation gathered from light 
signals reflected from the surface of the wafer. In a preferred embodiment, the oxide layer 
thickness as a function of time is displayed on a view screen for convenient observation by the 
20 operator of the machine. In accordance with a different embodiment of the invention, the 
present invention may be alternatively configured to optically detect the endpoint when a 
metallic layer is removed from the oxide layer during the planarization process. 

Although the subject invention is described herein in coiqunction with the appended 
drawing figures, it will be appreciated diat the invention is not limited to the spedfic form 
25 shown. Various modifications in the selection and arrangement of parts, components, and 
processing steps may be made in the implemenution of the invention. For example, although 
a preferred embodiment is set forth in which a ningsten halogen light source is used in 
ooimection with fiberoptic conductors, it will be appreciated that virtually any iiuerrogation 
signal may be employed through appropriate conducton, such that in-process, in-sini monitoring 
30 of workpiece sur&oe parameters are made available for analyses. Moreover, although the light 
source, photospectrum meter, controller, and terminal display are illustrated in Figure 3 in 
schematic form, it will be appreciated that only the probe 316 need be disposed proxunate the 
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woriq)iece5 various of (he other componeius, including the light source* photospectnmi meter, 
controller, and screen display may be disposed remotely from the woriqpiece, as desired. Hiese 
and other modifications may be made in the design and arrangement of the various components 
which implement the invention without departing from the spirit and scope of the invention as 
set forth in the appended claims. 
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CLAIMS: 

1. An apparatus for measuring the thickness of an oxide layer on a 
semiconductor wafer during CMP processiQg of said wafer, comprising: 

a probe assembly disposed proximate a polishing pad associated with a 
5 CMP machine, such that said probe establishes imermittem communication with said 

wafer as said wafer is processed on said polishing pad; 

a signal source associated with said probe assembly, configured to direct 
an interrogation signal at a location on a surface of said wafer while said wafer is 
rotating, wherein said location may be any location on the surface of said wafer; 
10 a receptor configured to capoire a portion of said interrogation signal 

whidh is reflected from the surface of said wafer; and 

a processor configured to process said captured interrogation signal and 
generate ari output indicative of a parameter associated with said wafer; 

wherein said apparatus samples a pluiality of said locations on the surfiaoe 
15 of said wafer using a plurality of said interrogation signals, and wherein said output 

is an average output calculated by said processor from said plurality of said 
interrogation signals. 

2. The apparatus of claim 1, wherein said parameter corresponds to a 
thicicness of aii oxide layer on the surface of said wafer. 

20 3. The apparatus of claim 1, wherein said signal source comprises a white 

light source. 

4. The apparanis of claim 3« wherein said processor comprises a 
pbotospectium meter for processmg said captured light signal, and a controller for calculating 
said parameter based on the output of said photospectium meter. 
25 S. The apparatus of claim 1, further comprising a display terminal for 

displaying a human readable output indicative of said parameter associated with said wafer. 

6. The apparatus of claim 1 , further comprisiog a nozzle disposed proxhnate 
said probe and configured to apply compressed air to the surface of said wafer in the vicinity of 
said probe. 

30 . 7. A method for measuring the thickness of a byer on the surface of a 

workpiece in a CMP process, comprising the steps of: 
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(a) rotating and moving said workpiece on a surfece of a rotating 
polishing uble such that a portion of said workpiece is caused to intermittently 
extend beyond an outer perimeter of said polishing table; 

(b) disposing a probe proumate said outer perimeter of said polishmg 
5 table such that said probe engages said workpiece in a noncontacting matmer when 

said portion of said workpiece extends beyond said perimeter of said polishing table; 

(c) applying an intenogation signal from said probe to each one of 
a plurality of locations on said portion of said workpiece while said workpiece is 
rotating, so that said plurality of locations on said portion of said workpiece are 

\ 0 sampled* wherein said plurality of locations may be any location on said ponion of 

said workpiece; 

(d) capturing a portion, of said interrogation signals reflected from 
each of said plurality of locations on said workpiece; and 

(e) analyzing said reflected intenogation signals from each of said 
1 5 plurality of locations on said workpiece and calculating a real time output parameter 

pertaining to said workpiece, wherein said output parameter is an average output 
parameter calculated from said interrogation signals. 

8. The method according to claim 7, wherein said probe is configured to 

optically etigage said workpiece. 
20 9. The apparatus of claim U wherein said apparams samples said plurality 

of locations on the surface of said wafer for one complete revoludon of said wafer. 

10. The apparatus of claim 9, wherein said appaiatus samples between 100 and 
300 locations on the surface of said wafer during said one complete revolution of said wafer. 

1 1 . The Apparatus of claim 1 0, wherein said sampling rate of said probe is about 
25 SO to ISO samples per second. 

12. The q>paratus of claim 1, wherein said location is a patterned die structure 
on said wafer. 

13. The apparatus of claim 2, wherein the thickness of the oxide layer is an 
average thickness of the oxide layer on the sut&ce of said wafer, and is calculated by first 

30 averaging said interrogation signals to create an aveiage interrogation signal value and then 
calculating the average thickness of the oxide layer from the average interrogation signal value. 

14. The apparatus of claim 2, wherein the.thickness of the oxide layer is an 
average thickness of the oxide layer on the surface of said wafer, and is calculated by first 
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calculating an oxide layer thickness value for each of said interrogation signals and then averaging 
the calculated oxide layer thickness values to derive an average thickness of the oxide layer. 

15. The apparatus of claim 3. wherein said light source is a white light source. 

16. The apparams of claim IS, wherein said light source is a tungsten halogen 
5 light source. 

17. The apparatus of claim 1, wherein said output from said processor is 
transmitted to a CKfP system processor which uses said output in a feedback loop to control 
wafer process parameters. 

18. The apparatus of claim 17, wherein said CMP system processor uses said 
. 1 0 output to calculate an average material removal rate for said wafer. 

19. The apparams of claim 18. wherein said CMP system processor calculates 
an esctxnated time to fmish processing of said wafer based on said average material removal rate. 

20. The apparatus of claim 18, wherein said CMP system processor causes 
at least one processing parameter to vary, thereby changing said average material removal rate. 

1 5 21. The apparatus of claim 18. wherein said CMP system processor causes 

a wafer rotation rate to vary, thereby changing said average material removal rate. 

22. The apparatus of claim 17, wherein said output corresponds to an oxide 
layer thickness on the surface of saui wafer, and said CMP system processor is configured to 
stop processing of said wafer when said oxide layer reaches a desired thickness. 
20 23. The method of claim 7, wherein seep (c) is performed for one complete 

revolution of said workpiece. 

24. The method of claim 23, wherein the surface of said workpiece is sampled 
at between 100 and 300 locations during said one complete revolution of said workpiece. 

. 2S. The method of claim 7, wherein said output parameter corresponds to a 
25 thickness of an oxide layer on the surface of said workpiece, and wherein step (e) further 
comprises the steps of : 

averaging said interrogation signals from each of said plurality of 
locations on said workpiece to create an average interrogation signal value; and 
calculating an average thickness of the oxide layer from the avenge 
30 inteiTOgation signal vahic. 
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26. The method of claim 7, wherein said output parameter corresponds to a 
thickness of an oxide layer on the surface of said workpiece, and wherein step (e) further 
comprises the steps of : 

calculating an oxide layer thickness value for each of said interrogation 

5 signals; and 

averaging the calculated oxide layer thidmcss values to derive an average 
thickness of the oxide layer. 

27. An apparatus for measuring the thickness of an oxide layer on a 
semiconductor wafer during CMP processing of said wafer, comprising: 

10 a probe assembly disposed proximate a polishing pad associated with a 

CMP machine, wherein said probe assembly establishes intermittent communication 
with said vrafer as said wafer is processed on said polishing pad, said probe assembly 
comprising: 

a cluster of a plurality of signal sources configured to direct an 
1 5 interrogation signal at a location on a surface of said wafer while said wafer 

is rotating, wherein said location may be any location on the sur&ce of said 
wafer; and 

a receptor located at the center of said cluster of said plurality of 
signal sources and configured to capture a portion of said interrogation 
20 signal which is reflected from the surface of said wafer; and 

a processor configured to process said captured interrogation signal and 
generate an output indicative of a parameter associated with said wafer; 

wherein said apparatus samples a plurality of said locations on the surface 
of said wafer using a plurality of said interrogation signals from said probe, and 
25 wherein said output is an average output calculated by said processor from said 

phiraitty of said intenogation signals. 

28. The appaianis of cbum 27, wherein six of said signal sources are disposed 
around said receptor in a hexagon configuration. 

29. In a planarization system configured to process a semiconductor wafer 
30 initially having at least a first material layer formed over a second material layer, a method for 

detecting die removal of said first material byer from said semiconductor wafer duriiig operation 
of said planarization system; said method comprising the steps of: 
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dirccUAg an input signal at a portion of said seoiiconductor wafer; 



analyzing characteristics of said reflected signal; and 

» 

indicating removal of said first material layer from said semiconductor wafer in 
.5 response to characteristics of said reflected signal. 

30. A method according to claim 29, wherein said indicating step is performed 
when sud reflected signal exhibits monotonic characteristics. 

31. A method according to claim 29, wherein said indicating step is performed 
when said reflected signal has sinusoidal characteristics. 

10 32. A method according to claim 29. further comprising the step of displaying 

a human readable ouqsut indicative of removal of said first material layer from said 

semiconductor wafer. 

33. A method according to claim 29, further comprising the step of adjusting 

an operational parameter of said planarization system in response to said indicating step. 
1 5 34. An apparatus for detecting removal of a first material layer initially 

formed over a second material layer on a semiconductor wafer during a planarization procedure, 

said apparams comprising: 

means for generating an input signal for establishing optical communication with a 

surface of said semiconductor wafer during said planarization procedure; 
20 a receptor configured to receive a reflected signal produced in response to said iiqiut 

signal, said reflected signal being reflected from said surface of said semiconductor wafer; and 
a processor configured to process said reflected signal and to produce a first output 

signal having a first characteristic indicative of the presence of said first material layer and a 

second output signal having a second characteristic indicative of the presence of said second 
25 material layer. 

35. An apparatus according to claim 34, wherein said means for generating 
comprises a substantially white light source. 

36. An apparatus according to claim 34, wherein said processor produces said 
first output signal when said reflected signal is less than a predetermined threshold value. 

30 37. An apparatus according to claim 34, wherem said processor produces said 

second output signal when said reflected signal exhibits monotonic characteristics. 
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38. An apparatus according to claim 34, wherein said processor produces said 
second output signal when said reflected signal has simisoidalcluract^^ 

39. An apparatus according to daim 34« further comprising a display terminal 
for displaying a human readable output indicative of removal of said first material layer from 

5 .said semiconductor wafer. 

40. An apparatus according to claim 34, wherein said semiconductor wafer 
has a relatively planar upper surface and said means for generating is positioned such that said 
input signal is direcced U)ward said semiconductor wafer at an angle between 80 arxl 1 10 degrees 

relative to said upper surface. 
^0 41. An apparaois according to claim 34. wherein said fu^st material layer 

comprises a material selected from the group consisting of copper, tungsten, titanium, and 
titanium nitride. 

42. An apparatus according to claim 34, wherein said second material layer 

comprises an oxide composition. 
^5 43, /i method for detecting removal of a first material layer initially formed 

above a second inaterial layer on a semiconductor wafer, said method comprising the steps of: 
applying an interrogation signal to an exposed portion of said first material layer; 
conducting a planarization procedure on said first material layer; 
detecting a signal reflected from said second material layer and produced in response 
20 to said interrogation signal said second material layer having different optical interference 
characteristics relative to said fust material layer; and 

indicating removal of said first material layer from said semiconductor wafer an 

response to said signal. 

44. A method according to claim 43, further comprising the step of halting 

25 said planarization procedure in response to said indicating step. 

45. A method according to claim 43, wherein said first material layer 
comprises a metallic composition and said second material layer comprises an oxide 
composition. 
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